INTRODUCTION
A slowdown of the Atlantic meridional overturning circulation (AMOC) yields a decrease in the northward oceanic heat transport (OHT), which motivates a careful examination of the climate impacts in terms of global heat exchange. The significance of an AMOC-induced OHT anomaly to climate is not entirely obvious, given that the ocean contribution (wind and thermohaline driven) of the total meridional heat transport is relatively small compared to the atmospheric contribution poleward of 45°N [Trenberth and Caron, 2001] . In this vein, a recent and influential paper [Seager et al., 2002] argued that the cause of a warm Europe is not primarily because of Gulf Stream heat transports, but a consequence of atmospheric stationary waves and passive seasonal ocean heat storage. Moreover, there is the so-called "Bjerknes compensation" idea that the atmosphere can (and does) easily compensate for any changes to the OHT in climate change scenarios [e.g., Bjerknes, 1964; Manabe et al., 1975; Stone, 1978] . Shaffrey and Sutton [2006] show in their analysis of a long-term simulation of the Hadley Center coupled model HadCM3 that Bjerknes compensation does in fact occur in the northern extratropics on decadal time-scales, with the degree of compensation increasing with increasing timescales. These, and other arguments [see Seager and Battisti, 2007, for example] , contributed to the sense that a change to the AMOC cannot, by itself, explain the global extent of the climate changes that occurred during abrupt climate change events in the last glacial [e.g., Voelker, 2002] . This argument formed part of the basis for invoking a change in the tropics as a necessary piece of abrupt climate changes [Broecker, 2003] .
However, we now know from coupled general circulation model (CGCM) simulations that the climate impacts of AMOC slowdowns may be tremendous and far-reaching [e.g., Vellinga and Wood, 2002; Zhang and Delworth, 2005] . Despite the relatively small decrease to the total northward heat transport, the impact can be dramatically amplified by sea ice expansion, which reduces surface-absorbed shortwave radiation and decreases oceanic heat loss to the atmosphere. Li et al. [2005] proposed that the pronounced temperature swings recorded by Greenland ice core records during abrupt change events arise from changes to the North Atlantic sea ice cover. Chiang and Bitz [2005] explored the potential impacts of increased Northern Hemisphere sea ice cover on the global climate in an atmospheric general circulation model (AGCM) coupled to a thermodynamic slab ocean, and found (among other things) a remarkable similarity to climate impacts seen in CGCM AMOC slowdown experiments. The similarities included a pronounced cooling of the Northern Hemisphere and a southward displacement of the Intertropical Convergence Zone (ITCZ) with commensurate changes to the Hadley circulation. A study shows similar impacts to the ITCZ from hemispheric asymmetric heating/cooling in the extratropics. These results suggest that much of the global climate impacts of an AMOC slowdown could in fact be explained in terms of cooling in the North Atlantic broadcast to the globe through atmospheric teleconnections.
Another intriguing result found by Chiang and Bitz [2005] was that the bulk of the increase to the net outgoing radiation at the top of atmosphere (TOA) in the northern high latitudes was compensated by increased net incoming radiation at the TOA in the faraway southern tropics. The southward shift of the ITCZ altered the TOA cloud radiative forcing and the shift in the Hadley circulation in turn allowed the circulation to transport this heat northwards, toward the colder Northern Hemisphere. This energetic response involved large tropical climate changes and virtually no changes in the southern extratropics. Chiang and Bitz [2005] argue that a wind-evaporation-SST (WES) feedback can effectively communicate high latitude cooling to the ITCZ latitudes, but no further, thereby suggesting a limit to the sphere of influence of Northern Hemisphere cooling via atmosphere and surface ocean interactions.
In this study we examine the global adjustment of a fully coupled model to abrupt cooling in the North Atlantic induced by a slowdown of the AMOC and focus on understanding global energetic adjustments. In order to assess the extent to which the mean state matters to the problem, we perform two sets of freshwater perturbation experiments using two nearly equilibrated background climate cases of the Community Climate System Model 3.0 (CCSM3), a CGCM: A 1,000-yr integration with 1990s (or "modern") conditions [Collins et al., 2006] and a 440-yr Last Glacial Maximum (LGM, approximately 21,000 yrs ago) integration [Otto-Bliesner et al., 2006] . We initiate cooling by freshening the North Atlantic and allow the ocean, atmosphere, and sea ice to respond and feedback on the sea ice and salinity anomalies. Our current study relates to the earlier Chiang and Bitz [2005] study in that both studies are driven by North Atlantic cooling, but they differ with respect to how the cooling is initiated (imposed sea ice vs. AMOC slowdown) and in the coupled climate response to the forcing (AGCM-slab ocean model vs. CGCM). We can thus assess the extent to which the coupled model climate response can be interpreted from an atmosphere-slab ocean only viewpoint.
Using energetics as a means to examine the global climate usually requires that the system is in an equilibrium state. Since we are looking at transient simulations, exact energy balance may not be expected. However, we find that the imbalance (represented by globally averaged TOA and sea surface net heat fluxes) is small (on the order of a few tenths of Wm −2 ) only a few years after the onset of the freshwater perturbation. We will show that the Northern Hemisphere sea ice and tropical responses appear to be crucial for determining the character of global energetics changes. We will also show that many of the qualitative changes in global energetics in the fully coupled model resemble the simpler AGCMslab ocean response, although its tropical response signal is weaker. We will argue that, viewed in the energetics framework, the tropical climate changes are a fundamental part of the adjustments that the climate system must make in the AMOC slowdown scenario. As a result, we argue that a full understanding of abrupt climate changes requires the combined understanding of both Northern Hemisphere and tropical processes.
The rest of the paper is organized as follows. In section 2 we describe the CGCM used in this study and the freshwater perturbation experiments. In addition we give a brief description of global climate impacts of North Atlantic freshening seen in our model. This is followed by an examination of the northern North Atlantic responses (section 3), with special emphasis on the sea ice and subsurface changes. In section 4 we analyze heat transport adjustments in the ocean and atmosphere to North Atlantic freshening and their controlling mechanisms. Related tropical responses and the high-to-low latitude communication mechanisms are examined in section 5. We finish the paper with a discussion and conclusions in section 6.
DESCRIPTION OF MODEL AND FRESHWATER PERTURBATION SIMULATIONS
The CCSM3 configuration which we use has an atmosphere component with approximately 2.8°horizontal resolution (T42 spectral truncation) and 26 vertical levels. The ocean and sea ice have a zonal resolution of 1.125°and a meridional resolution of 0.54°, except in the subtropics and tropics where the meridional resolution is finer. The LGM simulation has ice sheet topography, ocean bathymetry, orbital configuration, and greenhouse gases appropriate for 21 ka [Otto-Bliesner et al., 2006] . Ozone and aerosol forcing are set to pre-industrial estimates for the LGM and to 1990 estimates for the modern simulation. We refer to these two background climate simulations as "controls" for their respective perturbed cases.
We branched freshwater pulse experiments from each control by instantaneously freshening the upper 970 m of the North Atlantic and Arctic Oceans from 55-90°N and 90°W-20°E by an average of 2 psu (higher at the top and tapering with depth). This is equivalent to adding 16 Sv yr of freshwater. Our method is similar to Vellinga and Wood [2002] and contrasts with that used in the intercomparison study described by Stouffer et al. [2006] , where a 0.1 or 1.0 Sv surface freshwater flux was added over 100 yr. We used instantaneous freshening because it requires less computing time, even though it may be at the expense of some realism. We conducted six freshened runs for a minimum of 20 yr each (three for each background state). One member from each background state is longer (77 yr for modern and 135 yr for LGM) to capture the decade-to-century time-scale recovery. Individual ensemble members were branched from different times in the controls to sample a range of initial conditions. It is worth mentioning that the AMOC has natural variability in both the modern and LGM control simulations, having standard deviations roughly 6% of the control means (Figure 1 ). The initial conditions for our ensemble runs were selected randomly from the control simulations, whereas in a meltwater pulse study by LeGrande et al. [2006] , the initial conditions were differentiated between strong versus weak overturning circulations. As a result, a modest sensitivity was found in LeGrande et al. [2006] . In our case, the sensitivity to the initial conditions is small compared to the sensitivity to the background climate states (Figure 1 ). To filter out intermember noise, results for the first 20 yr are averaged over the three ensemble members.
Freshening in the North Atlantic causes the AMOC to immediately collapse with a cessation of North Atlantic Deep Water (NADW) formation in all six runs as shown in Figure 1 . In no case is the collapse permanent, but the recovery rates are strikingly different depending on the background climate state. Bitz et al. [2007] focused on the recovery mechanisms of these same experiments, while here we focus instead on the structure of global energetic adjustment and their controlling mechanisms. Of course, the ultimate cause of all adjustments is the freshening in the northern North Atlantic. The spatial structures of the AMOC in the controls and the anomalies in the second decade after freshening are depicted in Figure 2 . The LGM control AMOC is shallower and weaker than the modern control, in accordance with its more stable ocean stratification at depth [not shown, see Bitz et al. (2007) ] as well as proxy records. Otto-Bliesner et al. [2006] gives more information about the differences between these CHENG ET AL. 297 controls. This behavior of the CCSM3 is different from the Hadley Centre Coupled Model version 3 (HadCM3) in which the AMOC is not shallower at the LGM compared to modern times [Hewitt et al., 2006] . Such a contrast in the HadCM3 was attributed to the too shallow deep water formation in the modern climate. Despite these model differences in the control simulations, when freshwater perturbations are added to the North Atlantic, both CCSM3 and HadCM3 show weakening of the AMOC with roughly the same magnitude, and a quantitatively similar decrease in the meridional OHT. In CCSM3, the anomalous AMOC in the LGM freshened case is also shallower than the modern freshened case. In terms of a percentage change relative to the control mean state, the LGM freshened case is more anomalous than the modern freshened case. However, in either case the AMOC decreases by roughly the same absolute amount.
A cursory comparison of the climate changes in our CCSM freshwater perturbation simulations shows that the largescale responses resemble those in other coupled models. A recent intercomparison of coupled models with freshwater perturbations added to a modern background state suggest that the following climate responses are robust in models with AGCMs: i) an increase in sea ice cover with strong surface cooling of the northern North Atlantic extending into western Europe; ii) a weak (generally less than 1K) cooling over most of the rest of the Northern Hemisphere; iii) a pronounced response in the tropical Atlantic, specifically the formation of a meridional gradient in sea surface temperature (SST) anomalies across the equator, with cooler SSTs in the north, and an associated southward shift in the ITCZ; iv) a more symmetric hemispheric annual mean Hadley circulation, with the southern meridional cell strengthening and the northern one weakening; and v) a slight warming in the southern Atlantic and parts of the Southern Ocean, but otherwise relatively little response compared to the Northern Hemisphere.
Our simulations are in qualitative accordance with all of these responses, and thus are representative of freshwater perturbation impacts. Plate 1 (top panels) shows surface temperature, surface wind, and precipitation anomalies averaged over years 10-19 for both the LGM (left panels) and modern (right panels) climates, showing all of the characteristics mentioned above. A few additional points can be made from this figure: First, despite experiencing the same freshwater forcing, the LGM temperature response is significantly greater than that for the modern climate simulation, and in particular the strongest temperature changes are located farther south in the North Atlantic. This, as we shall see in section 3, is tied to the strength and location of the sea ice feedback. Second, despite the different strengths of the LGM and modern response in the North Atlantic, the global response is qualitatively similar and suggests that the mechanisms determining the global adjustments are similar. Third, the response is established rapidly-examination of the anomalies at years 40-49 for the LGM (Plate 1 bottom panels) does not show any qualitative differences from the anomalies at years 10-19. The lack of anomalies in years 40-49 in the modern simulation is in accordance with the almost full AMOC recovery by that time. These results imply that the bulk of the adjustment determining the global climate impacts is driven by relatively fast atmospheric and oceanic processes. This result is in agreement with previous AMOC slowdown studies [e.g., Vellinga and Wood, 2002; Timmermann et al., 2005] .
HIGH LATITUDE NORTH ATLANTIC RESPONSE
Weakening the AMOC, and the attendant weakening of the northward OHT after freshening, causes the surface to cool in the northern North Atlantic as demonstrated in CCSM3 (Plate 1a and b). In this model, as is typical among CGCMs that are forced with freshwater perturbations , the greatest surface cooling overlies regions of expanded sea ice (Plate 2). The surface cooling associated with AMOC weakening also spreads downward into the water column and equatorward (Plate 3). The downward spreading of the cooling in the North Atlantic is deeper in the modern climate than in LGM, in accordance with its stronger and deeper AMOC in the control state ( Figure 2 ).
There has been much discussion about the amount of surface cooling that would occur over Europe if the AMOC is weakened [e.g., Seager et al., 2002] . Our results demonstrate that the answer is radically different depending on the background climate state. In the second decade after freshening, the average annual temperature anomaly over France and Germany is about -6°C in the LGM case, but it is less than -2°C in the modern case (Plate 1a and b). Five decades after freshening the anomaly remains over -5°C in the LGM case, but the anomaly almost disappears in the modern case (Plate 1c and d).
Greater expansion of sea ice (Plate 2) is responsible for the greater cooling in the LGM climate after freshening in CCSM3. Wind anomalies shown in Plate 1 cannot explain why the ice edge advances so much more in the LGM freshened run compared to the modern. Changes in the atmospheric and oceanic heat transport are competing factors in causing the sea ice to expand in CCSM3. As will be shown in the next section, the AHT increases almost to the extent that the OHT decreases in the CCSM3 freshened states. Sea ice expands nonetheless because it is far more sensitive to changes in the OHT [Thorndike, 1992) . This is because a sizable fraction of anomalies in the AHT convergent upon the high latitudes can be lost to increased outgoing net radiation at the TOA. At the top surface of the sea ice, the surface temperature is free to adjust, which dampens anomalies in the atmosphere-ice flux during winter (similar to damping of anomalous atmosphere-ocean fluxes in ice-free regions). Because ice albedo feedback is stronger at lower latitudes due to stronger insolation, sea ice expands more in the LGM climate when the ice edge in the control simulation is located further to the south.
In the next section we will also show that the OHT decreases slightly more at 45°N after freshening in the LGM case than in the modern case in CCSM3. Even more importantly, the spatial structure of the changes in the OHT causes a greater decrease in the convergence of heat in the LGM case over latitudes in the Atlantic where sea ice is present (Plate 2). The OHT convergence into the Nordic seas decreases in both cases after freshening, but the decrease is much greater in magnitude and more widespread in the LGM case.
The location of the sea ice edge with respect to the NADW formation regions also plays a role in expanding the sea ice cover. Stocker et al. [2001] proposed a positive feedback which could arise if weakening the AMOC enhanced sea ice formation to the north and advection brought greater quantities of sea ice southward, where it then inhibited NADW formation by melting. Plate 2 shows that even before freshening, sea ice is present (though with only 30-80% concentration) in the vicinity of the heaviest density outcroppings, where NADW forms, but only in the LGM climate. This suggests a larger potential for haline influence on convection during the glacial climate compared to the modern climate. Bitz et al. [2007] computed the impact from freshening on watermass formation via surface buoyancy flux anomalies in the northern North Atlantic for these same experiments. They found that the haline influence from sea ice in the LGM case inhibited NADW formation after freshening-a sign change from the sea ice influence before freshening. In contrast, sea ice had little influence on NADW formation in the modern case before or after freshening. In addition, the surface heat loss over the densest water outcroppings is suppressed by sea ice expansion in the LGM freshened case, but negligibly so in the modern freshened case. Thus sea ice has a substantial positive feedback on the AMOC only for the LGM climate, and we are likely to see a much more expansive sea ice cover, Plate 2. Annual mean surface density in the controls in g cm −3 (a and b) and total (vertically summed) ocean heat uptake in the first 20 years after freshening in W m −2 (c and d). All panels include the annual mean 15% sea ice concentration contour in the controls (solid lines) and 10-19 years after freshening (dashed lines). The expansion after freshening is mostly isolated to winter months.
Plate 3. Upper ocean temperature anomalies in the Atlantic for the modern and LGM freshened states. The anomalies are calculated by subtracting the "control" mean from "freshened" mean averaged over years 4-9 after onset of freshening. By that time, upper ocean adjustments in the Atlantic were well established. The units are °C. a much weaker AMOC, and greater surface cooling, as well as a longer lasting climate change after freshening in an LGM climate.
The net result of sea ice growth in the North Atlantic on the atmospheric energetics is to reduce the atmospheric heating. For the modern (LGM) freshened climate, the area integral of net surface heat flux drop over the globe north of 40°N is 0.37 (0.43) PW in the first decade after freshening, of which 41% (62%) is due to albedo and the rest due to insulating the ocean from the atmosphere. This is compared to the 0.39 (0.20) PW heat loss across 40°N in the ocean directly due to the reduction in the OHT by the AMOC slowdown.
Freshening the upper ocean also stabilizes the water column and inhibits the vertical mixing by deep convection, causing an oceanic subsurface warming at high latitudes (Plate 3). Knutti et al. [2004] found a subsurface warming with similar magnitude in the North Atlantic north of 60°N in a coupled model. This subsurface warming is absent from the multi-model ensemble mean presented in Stouffer et al. [2006] , although the applied freshwater perturbation in Stouffer et al. [2006] is also much weaker. More heat is retained at depth around 500 meters in the LGM than in the modern freshened case, a consequence of its greater relative AMOC weakening and slower AMOC recovery. This subsurface warming, combined with the dissipation of surface water freshwater loading, will eventually destabilize the water column and contribute to the AMOC resumption. Based on the result that the AMOC is mostly recovered by the 5th decade in the modern climate but stays low over the entire 100-yr integration in the LGM climate (Figure 1) , the destabilization time-scale is on the order of a few decades in the modern climate, but much longer in the LGM climate. This result, combined with the difference in the subsurface warming between LGM and modern climate, suggests that the LGM ocean may be more likely to experience an abrupt AMOC strengthening and surface warming, as in Winton and Sarachik [1993] .
HEAT TRANSPORT RESPONSE
While we now have good estimates of global mean poleward heat transport and its partitioning between the ocean and atmosphere [Trenberth and Caron, 2001) , relatively little is known about how and why heat transport is modified as a result of climate change. For the purpose of this study, the question of interest is: How do the meridional heat transports adjust to perturbations initiated by the AMOC slowdown and the resulting sea ice amplification? Given that the average poleward OHT in the subpolar latitudes is small compared to AHT in the same latitudes, should we expect any significant global energy flux redistribution from freshening in the North Atlantic?
First we discuss the temporal and zonal mean poleward heat transport in the ocean and the atmosphere, and their decompositions, for the modern control simulation (Figure 3) . Results for the LGM control simulation are similar (not shown). Here the AHT is calculated by integrating the divergence of annual-mean surface and TOA fluxes. This indirect method is valid for studying the quasi-equilibrium states of "control" and "freshened" mean climates. With this method, we separate total AHT into dry static energy (DSE, including sensible heat and potential energies) and latent energy (LE) components, ignoring the kinetic energy transport. The OHT is calculated directly using ocean velocity and temperature.
In terms of the mean amplitude and meridional structure, the CCSM3 simulation is in qualitative agreement with observations [Trenberth and Caron, 2001] : The OHT exceeds the AHT only in the tropics where the net surface heat flux is into the ocean (Figure 3a) . The AHT exceeds the OHT poleward of the subtropics where the ocean loses heat to the atmosphere. The mean AHT in the extratropics is 50% each from DSE and LE components ( Figure 3b) ; in the tropics, dry and moist components oppose one another in the Hadley circulation. As expected, the global OHT north of 40°S is dominated by the Atlantic OHT (Figure 3c ). Although the OHT in the subpolar latitudes is small compared to the AHT, it is important to remember that the OHT converges into a small ocean section. Figure 4 shows changes in the OHT when the AMOC is weakened by freshening the North Atlantic. Hereafter in this section, "anomaly" is used to mean the departure of the freshened state averaged over years 10-19 after the freshening onset from the control mean climate. Based on the temporal evolution of the AMOC (Figure 1 ), these years avoid the initial shock period but still possess significant perturbations from the control states. The global OHT anomalies result primarily from anomalies in the Atlantic Ocean, which are sizable throughout the entire basin. The anomalous OHT in modern and LGM freshened simulations are qualitatively similar, with noticeable quantitative differences occurring in the midlatitudes where the local minimum OHT anomaly around 40°N is smaller in the LGM than in the modern climate. This, we suspect, is related to the more persistent and further southward expansion of sea ice in the LGM freshened simulation as described in section 3. Brine rejection under the anomalous ice cover in winter can trigger convection and the related circulation may locally inhibit the OHT reduction in those latitudes. In terms of global climate impacts, however, it is important to note that the modern and LGM simulations have similar OHT changes, implying that differences in the relative strength of the global climate impacts are largely due to differences in the sea ice responses influenced by mean state. Responding to the OHT anomaly, the global AHT increases and the resulting anomaly largely compensates that in the ocean ( Figure 5 ). The degree of compensation is roughly the same across all latitudes north of 40°S. Our results differ from Seager et al. [2002] , which showed no evidence for Bjerknes compensation outside of the tropics in a number of climate models using a slab ocean. Using a multicentury simulation from a climate model with a dynamical ocean, Shaffrey and Sutton [2006] noticed that the compensation is time-scale dependent with noticeable compensation at decadal and longer time-scales; furthermore, they suggest that it is not a good model for the tropics because large TOA anomalies in the tropics can be induced by convection. Shaffrey and Sutton [2006] performed no lead/lag analysis, which might determine the causality between the AHT and OHT changes. Our freshwater pulse experiments give evidence that in CCSM3 the AHT responds to changes initiated in the Atlantic Ocean.
Unlike the OHT anomaly, which is mostly limited to the Atlantic Ocean, the entire Northern Hemisphere atmosphere is involved in the atmospheric Bjerknes compensation. The changes to the poleward AHT give the (mistaken) impression that the loss of atmospheric heating in the North Atlantic is compensated through poleward AHT anomalies. On the contrary, much of the compensation occurs in the northern high latitudes outside the Atlantic. Cooler atmospheric temperatures allow less outgoing longwave radiation-this occurs throughout the northern high latitudes, especially over the Arctic and northern Eurasia (Plate 4). The atmosphere is also heated anomalously at the surface in the North Pacific. Hence, the atmospheric heat divergence over the North Atlantic is far greater than what is implied in the zonal mean poleward heat transport changes.
For both background states, the increase in the zonal mean northward AHT in the mid-to high latitudes is dominated by DSE, with additional but smaller contributions from LE ( Figure 6 ). In the CCSM3 AMOC slowdown experiments there is no obvious compensation between DSE and LE horizontal transport anomalies in the extratropics. This differs from the equilibrium climate response to doubling of CO 2 , in which the increase in the extratropical horizontal moisture and latent heat transports is compensated by a decrease in the sensible heat transport [Held and Soden, 2006] . In the CCSM3 AMOC slowdown simulations, as in CO 2 doubling experiments [Held and Soden, 2006] , AHT anomalies in the tropics are associated with adjustments to the Hadley circulation, as indicated by the strong compensation between the DSE and LE components there (Figure 6 ). In terms of global anomaly patterns, most of the atmospheric heat convergence that allows for the increased poleward AHT occurs in the tropics, and both through changes in the TOA and surface fluxes, particularly over the tropical oceans (Plate 4). As we will discuss in the next section, these surface and TOA flux changes are attributable to tropical climate changes associated with a southward shift of the ITCZ. We note also that over a large part of the globe, the TOA flux anomalies are in comparable magnitude to typical surface flux anomalies, except in the northern North Atlantic where anomalous surface cooling is most extreme (Plate 4). This is in contrast to the results of Chiang and Bitz [2005] where with a slabocean model the AHT changes resulted, by necessity, from TOA heat flux changes.
To understand the mechanisms driving the increased northward AHT, we compute AHT from model in situ data and break the AHT anomaly into contributions from mean meridional circulation (MMC), stationary eddies, and transient eddies (Figure 7 ). We only show results for the sensible heat flux (CpT) because DSE is the dominant term in the extratropical AHT anomaly. The sensible heat transport anomaly is large in the tropics, but it is offset by a potential energy transport anomaly of the opposite sign (not shown) from the shift in the Hadley circulation, leading to a much smaller total CHENG ET AL. 307 Figure 6 . Global zonal mean anomalous AHT and its DSE and LE components (units: PW) . Line legend is provided at the top of the figure. The upper panel corresponds to the modern simulation, and the lower panel corresponds to the LGM simulation.
AHT anomaly in the tropics ( Figure 5 ). The increase in the sensible heat transport in the midlatitude is accomplished primarily by transient eddies (note, however, that the MMC and transient eddies are not independent of each other in the midlatitudes). Such a response in the transient eddy activity is consistent with the increased pole-to-equator temperature gradient (Plate 1). An increased pole-to-equator temperature gradient also accounts for the increased total northward energy flux by the atmosphere in an idealized model . The AHT anomaly by stationary eddies is negligible in the modern case, but its amplitude increases in the LGM freshened case. The prominence of the stationary eddy heat transport anomaly is one of the few instances where the response in the LGM background state is qualitatively different from the response in the modern background state. In both cases, however, the poleward heat transport by transient eddies increases to deal with the anomalous atmospheric cooling in the northern high latitudes. A reduced AMOC climate is, therefore, a stormier climate.
TROPICAL RESPONSES

Energetics of the Tropical Response
As mentioned earlier, the CCSM response to AMOC slowdown is qualitatively similar to the robust response to freshwater perturbation reported by Stouffer et al. [2006] , with a pronounced cooling over the North Atlantic and a southward shifted ITCZ as indicated by the cross-equatorial flow and precipitation anomalies. Our tropical response is relatively weak and somewhat ill-defined in precipitation compared to some other published results [e.g., Stouffer et al., 2006] . Nonetheless, zonally averaged quantities show robust changes in the tropics: averaged during years 10-19, the MMC exhibits increased uplift over the southern tropics and subsidence to the north, occurring over both the DJF and JJA seasons; in the annual mean, the change in the southward mass flux in the lower troposphere due to the altered MMC is around 15 × 10 9 kg s −1 for the modern as well as LGM simulations. The change is large enough that the hemispheric asymmetry in the annual mean Hadley circulation seen in the modern climate is flipped: the freshened simulation shows a slightly stronger northern annual mean Hadley cell compared to the southern cell, as opposed to the unperturbed case where a stronger southern cell exists.
How is the tropical response related to the altered energetics? The response is qualitatively similar in both the modern and LGM cases, so we discuss the LGM case, averaged over years 10-19 after perturbation onset, the same as the heat transport analysis in section 4. The climate changes in the tropics lead to an increase (by 1-2 Wm −2 ) in the net incoming radiation at TOA from 10°N to 30°S, and a decrease (by up to 1 Wm tropics more than compensate for the reduced TOA incoming net radiative flux (Plate 4, bottom left panel). Consequently the net effect is to increase the energy supply to the atmosphere throughout the entire tropics, which must in turn be approximately balanced by meridional heat transport out of the tropics.
The changes to the net TOA and surface fluxes are generally consistent with the southward ITCZ shift and changes to the Hadley circulation. High cloud cover increases by 1-2% in the area between 10°N and 20°S because of the increased convection there, whereas low cloud cover decreases by roughly 1%, resulting in increased net TOA fluxes into the southern tropics, primarily through reduced outgoing longwave radiation (OLR). On the other hand, the dipole in the surface heat flux is primarily a consequence of a changed latent heat flux due to increased trades in the northern tropics and reduced trades in the southern tropics, again a result of the altered Hadley circulation.
The zonal mean picture, however, belies a far more complex tropical response that is illustrated in the spatial maps of TOA and surface net fluxes shown in Plate 4 (right panels). The surface fluxes in particular tend to be spatially complex. Furthermore, the same figures shown for the subsequent decade possess a different spatial character from the previous decade for regions outside the tropical Atlantic. This should not be a surprise because of strong interannual variability in the tropics. The only consistent response in time appears to be in the tropical Atlantic, where there are generally reduced surface fluxes into the ocean, and increased net incoming TOA fluxes that result in a net energy supply to the atmosphere there.
The results we obtain appear to suggest these points: i) The robust tropical Atlantic responses in the TOA and surface fluxes demonstrate a strong linkage between the North Atlantic and tropical Atlantic climates in the freshened scenario. This is consistent with previous model results and paleoevidence [Chiang and Koutavas, 2004] ; and ii) despite the strong interannual variability that makes the spatial patterns of net TOA and surface fluxes complex and variable, the zonal mean response appears to be robust; the southward ITCZ displacement allows for an increased flux of energy into the tropical atmosphere that is then transported northwards. Viewed from the energetics perspective, therefore, the tropical climate changes to North Atlantic freshening are a robust and necessary response to compensate for the loss of atmospheric heat flux convergence in the northern high latitudes.
High-to-Low Latitude Communication Mechanisms
An outstanding question is how the communication between the northern high latitudes and tropics arises, in particular to bring about the southward ITCZ displacement.
Here we pursue the teleconnection to the tropical Atlantic, as it is the most robust tropical teleconnection to AMOC change.
Oceanic and atmospheric pathways for North Atlantic communication to the tropical Atlantic have been proposed. The framework for baroclinic ocean adjustment was first proposed by Kawase [1987] , who showed that thickness variations to an abrupt change in the high latitude mass source in a 1.5 level beta-plane model traveled equatorwards via the western boundary as a coastal Kelvin wave until it hit the equator. The wave then traveled eastward as an equatorial Kelvin wave until reaching the eastern boundary, where the wave becomes a coastal Kelvin wave propagating north and south along the eastern boundary. These in turn become sources for westward-traveling Rossby waves that then take the adjustment into the ocean interior. Several variants of this oceanic bridge have been subsequently proposed for various contexts : Yang [1999] proposed a decadal Labrador Sea influence on the tropical Atlantic; Johnson et al. [2002] proposed decadal variability in the tropical Atlantic; Huang et al. [2000] proposed a global communication. In contrast, Dong and Sutton [2002] argued for a prominent role of atmospheric teleconnections based on analysis of transients in their coupled model freshwater perturbation simulation; however, they did not explicitly discuss the mechanism(s) for bringing the North Atlantic influence to the tropical Atlantic.
Chiang and Bitz [2005] proposed an atmospheric-thermodynamic surface ocean mechanism for bringing a high-latitude cooling influence (e.g., by sea ice expansion in the North Atlantic) to the tropics: a WES feedback that increased the easterlies equatorwards of a cold SST front. Under an easterly trade wind basic state, the anomalous easterlies promoted evaporative cooling and thus advanced the cold SST further south. Once the tropical North Atlantic is cooled, the Atlantic ITCZ shifts southwards because of the known sensitivity of the marine ITCZ to meridional SST gradients [e.g., Chiang et al., 2002] . Thus, Chiang and Bitz's explanation for a southward shift in the ITCZ rests on the ability of the WES mechanism to bring cold SST from the Northern midlatitudes equatorwards, to generate an anomalous meridional SST gradient at the ITCZ latitudes. This mechanism is a variant of the WES feedback originally proposed by Xie [1999] in the context of explaining decadal SST variations in the tropical Atlantic.
In this subsection we are concerned with how the cooling in the North Atlantic caused by weakening of the AMOC is propagated to lower latitudes. Different freshwater perturbation scenarios, in particular, cases where the perturbation is distributed over time [e.g., Stouffer et al., 2006] versus over depth [e.g., Vellinga and Wood, 2002, and this study) , are expected to most significantly affect processes involved during the weakening phase. Once the weakening is established, upper ocean stratification anomaly in the North Atlantic is somewhat robust across different forcing scenarios. Therefore, we interpret events in this model as representative of how global climate adjusts to an AMOC slowdown, bearing in mind the caveat associated with model sensitivity. After freshening in CCSM3, despite the consistent basinwide SST cooling in the North Atlantic (Plate 1), the pattern of annual mean net surface heat flux anomalies in the LGM case (the modern case is similar) is quite complicated, with interdispersed regions of anomalous oceanic heating and cooling (Plate 5, right panel). We interpret regions with downward surface heat flux anomalies as driven by OHT and regions with upward surface heat flux anomalies as driven by the atmosphere. Our analysis of the transient adjustment of SST, surface heat flux, and surface wind anomalies (not shown) shows that the surface heat flux response between 20°N and 40°N is primarily due to changes in temperature advection by the gyre circulation. The midlatitude westerlies weaken whereas the subtropical northeasterlies strengthen (Plate 5, right panel), resulting in a weakening of the upward Ekman pumping in the midlatitudes and a strengthening and southward shift of the downward pumping in the subtropics (Plate 5, left panel); the gyre changes are consistent with these changes in the wind forcing.
Both the ocean baroclinic adjustment and the atmospheric WES feedback appear to play a role in establishing the Atlantic climate conditions to AMOC slowdown. The cooling response evolves from north to south. The ocean baroclinic adjustment in the western North Atlantic and equatorial Atlantic develops rapidly (within the first year, consistent with Dong and Sutton, 2002] and results in an anomalously southward current in the upper layers all along the western boundary in the North Atlantic (not shown, but see Ottera et al., 2003, for example) . This causes a slight southward shift in the subpolar gyre, and a pronounced surface ocean cooling appears off the east coast of North America around 35-40°N within year 2. This cooling develops and extends rapidly eastward along the 35-40°N latitude by year 5. Anomalous atmospheric northeasterlies occur to the south of this ocean cooling, driven by the WES response. The strengthened trades cool the SST south of the subtropical/subpolar front, and result in a southward progression of the strengthened trades and cooler subtropical and tropical SST, consistent with the mechanism of Chiang and Bitz [2005] . The strengthened trades intensify the subtropical gyre and shift it slightly southward, thus creating ocean heat transport changes and the pattern of net surface flux anomalous seen from 20-40°N. South of 20°N, the SST is cooled primarily by latent heat fluxes induced by the increased trades.
Previous WES studies on tropical Atlantic variability [Seager et al., 2000] suggest that such surface cooling in the tropics is damped by the associated anomalous Ekman transports. We find that the addition of ocean dynamics may provide more damping mechanisms on the tropical surface cooling. One is related to the ocean baroclinic adjustment. Weakened deep western boundary currents during the AMOC slowdown cause isopycnal slopes, which normally tilt upward toward the coast, to relax. When the ensuing thermocline depression reaches the tropical Atlantic via the baroclinic adjustment, it causes a subsurface warming (Plate 3), which damps the near surface cooling driven by WES. The baroclinic adjustment-induced subsurface warming resides on either side of the equator, consistent with its dynamics. Although this subsurface warming need not be strictly equatorially symmetric in amplitude, the much stronger northern lobe suggests that it is augmented by other mechanism(s). The downward Ekman pumping is strengthened in the northern subtropics (Plate 5, left panel). These wind forcing anomalies can drive a thermocline depression locally, therefore contributing to the much greater subsurface warming in the northern tropics, as well as providing an additional damping effect on the WES-driven surface cooling. Despite these damping effects, by around year 8, the strengthened trades and cooler tropical North Atlantic SSTs are well established, and the cross-equatorial SST gradient that formed drives a cross-equatorial flow and southward ITCZ displacement.
A more detailed analysis will be presented in an upcoming paper, but the picture we thus suggest for establishing the climate response to AMOC slowdown in the tropical Atlantic is one in which both the baroclinic adjustment and WES play a role, with the baroclinic adjustment being instrumental in the early cooling at the Gulf Stream separation location, and with WES establishing the climate conditions south of the subtropical/subpolar gyre boundary. Wind-driven ocean dynamical changes play an important part in the overall response.
CONCLUSIONS AND DISCUSSION
In this study we investigate the global climate adjustment to a sudden slowdown in the AMOC, focusing on energetics. The AMOC slowdown decreases northward OHT in the Northern Hemisphere (specifically the Atlantic), but was compensated for largely by increased AHT occurring both within and outside the Atlantic. The increased AHT in the midlatitudes results mainly from increases in transient eddy transport, and additionally from stationary eddy transport in the LGM case. An altered Hadley circulation (with more anomalous uplift in the southern tropics) allows for increases in the northward cross-equatorial AHT.
The important changes to TOA and surface heat fluxes that allow for the changed AHT occur in the northern high latitudes and the tropics. North Atlantic sea ice expansion initiated by the decrease in OHT dramatically amplifies surface cooling by insulating the ocean from the overlying air and reflecting more short wave radiation at the surface. The loss of net atmospheric heating from the surface and TOA in the North Atlantic is compensated for by increased net incoming TOA radiation in the northern high latitudes outside the Atlantic, and by increased fluxes into the atmosphere from TOA and the surface in the tropics. The tropical adjustments can thus be viewed as necessary in order to maintain energy balance within the atmosphere.
Viewed in this energetics framework, the northern high latitude and tropical responses to North Atlantic freshening are intimately coupled, and are linked by the requirement that increased northward AHT compensates to a large extent for the reduction in northward OHT by the AMOC slowdown. As a result, we argue that a full understanding of abrupt climate changes requires the combined understanding of both the Northern Hemisphere and tropical climate responses.
We also found that the magnitude of impacts of AMOC slowdown depends dramatically on the background climate state, and primarily through sea-ice feedback. When modern and LGM climates are subjected to the same freshwater perturbation in the North Atlantic, the reduction to the OHT is similar in both instances, but the sea ice response is significantly more pronounced in the LGM case. Consequently, cooling over mid-to high northern latitudes is much greater in the LGM case, and the global climate response is much longer lived. Sea ice expansion is more persistent and extends farther southward in the LGM than in modern freshened climate. Sea ice expansion prolongs the weakening of AMOC in the LGM climate, which in turn favors expansion of the sea ice.
Other factors related to the basic state difference establish the impacts of AMOC slowdown. In particular, we found that in CCSM3 the ocean stratification in the North Atlantic is more stable at depth in the LGM than modern control climate. As a result, the LGM control AMOC is shallower and weaker than its modern counterpart. Challenges in understanding the transient and equilibrium response of the AMOC are related to the fact that the forcing mechanisms for the AMOC often depend on the circulation itself. Thus attained feedback interactions between the circulation and its driving/damping mechanisms lead to a rich and possibly nonlinear behavior of the AMOC. This also cautions against extrapolating inferences made from one background state to another without further examination.
The freshwater perturbation simulations raise interesting questions on the nature of climate processes that govern global impacts to high latitude climate changes. We've argued that the northern high latitude and tropical climates are intimately linked in the response to AMOC slowdown.
Our examination of the transient evolution of climate system adjustment to the North Atlantic freshening suggests that both baroclinic ocean adjustment and an atmospheric WES mechanism are involved in the high-to-low latitude communication; however, their respective roles are time-scale and region dependent. The baroclinic adjustment is instrumental in the early cooling at the Gulf Stream separation location, and the WES establishes the climate conditions south of the subtropical/subpolar gyre boundary. Wind-driven ocean dynamical changes play an important part in the overall response. What leads to the southward ITCZ displacement, though, is the WES feedback that brings the cold conditions to the ITCZ latitudes. Ocean baroclinic adjustment and dynamical response to the changed winds can damp the WES influence.
We found that in CCSM3 simulations, considerable compensation of anomalous AHT and OHT occurs over a large range of latitudes. The fact that Bjerknes compensation occurs in CCSM3 despite changes in the TOA net radiation fluxes raises the question of how robust it is in other models and what the underlying physics is. Previously, it was thought largely to be a result of fixed TOA flux and ocean differential heat storage [Bjerknes, 1964; Stone, 1978; Shaffrey and Sutton, 2006] . Neither of these conditions is likely satisfied in the CCSM3 simulations. These results suggest that the ocean and atmosphere can engage in dynamical interactions that control the horizontal heat transport in both media. Since the midlatitude AHT is driven primarily by transient eddies and eddy-induced MMC, and transient eddies depend on atmospheric baroclinicity, it is possible that OHT can exert an influence on AHT through its control on the pole-to-equator temperature gradient. Taking this view, any OHT anomalies, however small, may have implications for global energy transport and deserve our attention. More targeted experiment design such as one-way and regional coupling should help to sort out atmospheric and oceanic processes involved in global teleconnections of the AMOC changes.
